Abstract-In this letter, we demonstrate a compact optical switch realized by integrating a graphene layer with a silicon photonic crystal cavity fabricated using deep UV immersion lithography and a novel transfer printing approach. A 17-dB extinction ratio and 0.75-nm shift in the cavity resonance are measured for a swing voltage of only 1.2 V. The graphene layer is limited to 1 × 5 µm in size. The experimental results are linked to a theoretical model and used to predict possible improvements to the design.
I. INTRODUCTION

S
HIFTING the Fermi level of a graphene layer by an externally applied electric field or chemical doping allows tuning the optical absorption through Pauli blocking [1] . Exploiting this property and combining graphene with Silicon nano-photonics structures has led to the demonstration of a diverse range of electro-optical switches and modulators with compact size. Several waveguide integrated graphene devices have already been studied theoretically [2] - [4] and demonstrated experimentally [4] - [10] . However, to reach a high extinction ratio (ER), the graphene layer has to be sufficiently long. Values for the ER varying between 2 and 6 dB for devices with graphene length varying from 30 to 50 μm were reported [4] - [7] . This leads to a high capacitance and associated lower modulation bandwidth and high power consumption.
Integrating graphene with resonant structures enhances the interaction of the optical field with the graphene layer [11] - [13] , resulting in a reduced size of the required graphene layer and the associated capacitance. This is in particular the case for photonic crystal cavities. Earlier work focused on 2D-photonic crystal cavities, addressed in a surface Manuscript normal configuration however. Although up to 10 dB ER was demonstrated the surface normal configuration limits the practical applicability and possibility for integration with other devices. This earlier work did also not discuss insertion loss (IL) and, even more importantly, the optimization of the fundamental trade-off between IL and ER in these devices. Finally, in this earlier work, underetching of the cavity was required limiting the structural stability. In the current work we focus on a 1D-photonic crystal cavity, which is addressed through an integrated waveguide. This allows us to accurately characterize ER and IL. Even without underetching, sufficient optical confinement is reached to reduce the graphene area from 30 μm 2 in previous work [12] to 5 μm 2 , especially important for enhancing the modulation speed and reducing the power consumption in the future. Moreover, the device is fabricated using a novel transfer printing process. We thereby use an automated commercial transfer printer to integrate a micron-scale graphene layer with a 1D silicon photonic crystal, while in previous works [11] , [12] the graphene transfer method relied on manual processes. The importance of this new method lies in the fact that it allows to transfer small patches of graphene on a given location on a preprocessed wafer, in a cost efficient way. This could be important if the wafer has considerable topography, or if also other materials (III-Vs, other 2Ds, …) need to be transferred. In the next section, we present the experimental results, demonstrating a voltage dependent transmission for the hybrid graphene SOI-PhC nano-cavity. The graphene Fermi level is tuned from its intrinsic state to beyond the transparency region by gating the graphene layer using a polymer electrolyte [14] . Finally, we link these results with a theoretical model and predict possible improvements to the design to fabricate a compact electro-absorption modulator with co-optimized ER, IL and speed. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. After fabrication of the SOI-PhC nano-cavity, graphene is transfer printed on top using the process described in [15] and [16] . We first fabricate micron-size patterns of graphene on a source substrate using photolithography and an oxygen plasma process. The source substrate consists of a CVD grown graphene layer transferred on a 300nm SiO 2 layer obtained from Graphenea [17] . Photo-resist tethers are then fabricated in a second lithography step. Next, the graphene layer is under-etched and a suspended resist-graphene stack is formed (hereafter called a "coupon"). The resist both serves as a protection layer for the graphene and to form the tethers that are used to hold the suspended graphene layer. Using a PDMS stamp with a protruding post, installed in a commercial transfer printer (X-celeprint, model μTP-100), the coupons are then picked up and placed on the cavity [ Fig. 2(a) ]. Subsequently, the protective resist is removed with acetone. More detail about the graphene transfer process can be found in [15] and [16] . The next step is to fabricate the palladium contact pads on the graphene layer, 1 μm away from the cavity edges. After the lift-off process, a polymer electrolyte layer consisting of LiClO4 and polyethylene oxide (PEO) in a weight ratio of 1:10 is spin coated on the Si chip. This layer will allow to control the graphene Fermi-level [18] . Fig. 2(b) shows a microscope image of the fully fabricated device. 
III. CHARACTERIZATION OF THE DEVICE PERFORMANCE
The 1D PhC device is connected to single mode access waveguides integrated with grating couplers for optical characterization. The graphene Fermi level is tuned by applying a gate voltage V gs between one of the contacts of the device under study and a contact of an identical device directly next to it, with the electrolyte serving as the gate dielectric. Fig. 3 plots the measured transmission for applied gate voltages varying from +1.2 Volt to −1.2 Volt. The transmission increases and the linewidth narrows as the voltage becomes more negative. This indicates the graphene layer becomes more transparent, as expected. It is also possible to apply a voltage higher than −1.2 Volt and hence obtain higher ER. For positive voltages, this effect is weaker as the transferred graphene is intrinsically p-doped. Fig. 4 shows the ER, measured at 1569.07 nm, the wavelength of maximum transmission for an applied voltage of −1.2 Volt. This figure shows that applying only −1.2 Volt results already in an extinction ratio (ER) as high as 17.2 dB. Increasing the drive voltage to 2 Volt, from −1.2 to 0.8 Volt (the neutrality point of graphene), the ER further increases to 19 dB. The low drive voltage required is related to the small thickness of the the Debye layer [19] forming at the interface between the graphene layer and the ionic liquid, acting as the parallel plate capacitor in this case.
The gate voltage dependent quality factor is extracted by fitting a Lorentzian function to the transmission spectra. It increases from 2000 at positive voltages to about 6000 at −1.2 Volt (Fig. 5) . The corresponding wavelength shift is 0.8 nm. The Q factor enhancement with the gate voltage originates from the decrease in the graphene absorption coefficient. The strong blue shift indicates there is not only a strong modulation of the imaginary part of graphene's dielectric constant but also of its real part, resulting in a phase shift. In line with what is expected from theory [4] , this change in the real part is in particular relevant if the chemical potential comes close to 0.4 eV, or for gate voltages below 0 Volt.
Using a perturbative approach, the cavity resonance and its line width can be expected to vary linearly with the gate-dependent dielectric constant of graphene:
] for the cavity line width and λ R = λ 0 R + β Re[β g (ω) ] for the cavity resonance wavelength [11] . To link the experimental data to a theoretical model for the graphene dielectric constant [20] , we need to relate the actually applied gate voltage to the Fermi level of the graphene layer, using the following formula [11] :
with C the capacitance related to the depletion layer in the ionic gel, n 0 the intrinsic carrier density and v f the fermi velocity. Fitting the experimental data to the theoretical model gives us the following values for the different parameters: α ∼ 0.12, β ∼ 0.4, C ∼ 27 mF/m 2 , n 0 ∼ 9e12 cm −2 and ∼ 26 fs with the scattering time. In Fig. 6 we plot the corresponding relation between E f and V , showing the neutrality point at 0.6 Volt. Another observation is that for positive voltages the Fermi level does not reach the transparency region (<0.4 eV) explaining the absorptive behavior of graphene in the transmission spectra for positive voltages (Fig. 3) . We also measured the gate voltage dependent resistance using the source and drain contact pads on both side of the graphene layer (Fig. 7) . A maximum resistance of 17 K is measured for a gate voltage of 0.8 V, corresponding to the neutrality point and in line with was obtained from the optical data.
Ideally, in all measurements the Dirac point should be obtained at the same applied voltage. However, the optical (Fig. 6 ) and electrical measurements (Fig. 7) were not carried out simultaneously and the results obtained with the ionic gel are not 100% reproducible between different measurements (due to aging of the applied ionic gel). In future implementations whereby either the silicon or a second graphene layer is used for gating and this should be no issue.
Another but less important reason is that in the calculation of fermi level (Fig. 6) , we have used the parameters extracted from fitting the optical data to a theoretical model. This fit is not perfect as can be seen in Fig. 5 where the theoretical curve does not exactly overlap the experimental data. Also this causes a small error in the calculation of the fermi level and thus a small shift in the Dirac point.
The current device exhibits an excellent E R but also a relatively large I L. To get insight in this trade-off and evaluate possible design improvements we used a model based on standard coupled mode theory [21] . The measured Q-factor can be written as:
Q i is related to intrinsic scattering losses of the cavity and found to be very large (>>1E5) for the devices under study. Q i will hence be neglected in the remainder of this discussion. Q c is a design parameter and related to the strength of the mirror sections of the 1D PhC. Q g is related to the absorption loss in the graphene layer and hence voltage dependent. To extract the actual values for Q c and Q g we fit the voltage dependent maximal transmission to the following model:
We find
and Q g varies from about 1000 to 8000 for the voltage varying from +1.2 Volt to −1.2 Volt. We also find Q c = Q/ √ T max (V ). Using the experimental data for Q g (V ) we can now calculate how the E R and IL would vary for an optimized Q c . The results are plotted in Fig. 8 . One can observe that ER increases steeply for small values of Q c but then remains almost constant for Q c > 2×10 4 . The IL on the other hand continuously increases with Q c . Therefore, the design of the cavity can be optimized by reducing the strength of the mirror section. E.g. for Q c = 3500, it is possible to obtain a good ER∼ 10dB while reducing the IL below 3dB, taking into account the current quality of the graphene layer. Further improvements are expected for higher quality graphene.
To estimate the device energy consumption, the energy E = CV 2 /2 required to charge (discharge) the graphene capacitor, where C is the device capacitance and V is the swing voltage can be calculated [11] . With the parameters obtained from fitting the cavity resonance and Q factor to the theoretical models, we find the electrolyte induces a capacitance density of 27 mF/m 2 on the graphene sheet. The graphene area is 5 μm 2 , finally resulting in a switching energy of 97 fF for a swing voltage of −1.2 Volt (equivalent with 17.2 dB extinction ratio).
IV. CONCLUSION
We fabricated a wavelength selective switch by integrating graphene with a 1D Si PhC cavity. Graphene was transferred using a new transfer printing method exploiting a commercial transfer printer. The method involves defining suspended graphene coupons on a source substrate and subsequently transferring these using a PDMS stamp to the target substrate in an automatic fashion. Next, we demonstrated switching of the hybrid graphene PhC device demonstrating an ER of 17 dB for a voltage swing of only 1.2 Volt. In addition, a 0.75 nm shift in the cavity resonance and an increase in the Q factor from 2000 to 6000 were observed. The experimental results were fitted to a theoretical model allowing us to extract the intrinsic parameters of the device. By combining these with a model based on coupled mode theory we predict how design improvement can result in an improved tradeoff between IL and ER for the device. Another important feature of the device is the small size of the graphene capacitor, offering potential for low power consumption and high speed operation.
